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The genome of the coronavirus transmissible gastroenteritis virus (TGEV) has been engineered as an
expression vector with an infectious cDNA. The vector led to the efficient (>40 �g/106 cells) and stable (>20
passages) expression of a heterologous gene (green fluorescent protein [GFP]), driven by the transcription-
regulating sequences (TRS) of open reading frame (ORF) 3a inserted in the site previously occupied by the
nonessential ORFs 3a and 3b. Expression levels driven by this TRS were higher than those of an expression
cassette under the control of regulating sequences engineered with the N gene TRS. The recombinant TGEV
including the GFP gene was still enteropathogenic, albeit with a 10- to 102-fold reduction in enteric tissue
growth. Interestingly, a specific lactogenic immune response against the heterologous protein has been elicited
in sows and their progeny. The engineering of an additional insertion site for the heterologous gene between
viral genes N and 7 led to instability and to a new genetic organization of the 3� end of the recombinant viruses.
As a consequence, a major species of subgenomic mRNA was generated from a TRS with the noncanonical core
sequence 5�-CUAAAA-3�. Extension of the complementarity between the TRS and sequences at the 3� end of the
viral leader was associated with transcriptional activation of noncanonical core sequences. The engineered
vector led to expression levels as high as those of well-established vectors and seems very promising for the
development of vaccines and, possibly, for gene therapy.

Transmissible gastroenteritis virus (TGEV) is a member of the
Coronaviridae family, composed of enveloped viruses of med-
ical and veterinary importance causing disease in humans and
animals. The Coronaviridae, Arteriviridae, and Ronaviridae fam-
ilies are included in the Nidovirales order and, despite signifi-
cant differences in their genome size, have the same polycis-
tronic genome organization and regulation of gene expression,
leading to a nested set of subgenomic mRNAs (sgmRNAs) (7,
8, 15). The TGEV genome is a single-stranded, positive-sense
28.5-kb RNA. About two-thirds of the entire RNA comprises
open reading frames (ORFs) 1a and 1b, encoding the repli-
case. The 3� one-third of the genome comprises the genes
encoding the structural and nonstructural proteins (13). Se-
quences preceding each gene represent signals for the discon-
tinuous transcription of sgmRNAs (26, 44). These are the
transcription-regulating sequences (TRSs), which include a
highly conserved core sequence, 5�-CUAAAC-3�, that is iden-
tical in all TGEV genes, and the core sequence 5� upstream (5�
TRS) and 3� downstream (3� TRS) flanking sequences (3). The
high conservation of the core sequence suggests that this se-
quence may be particularly relevant in the virus life cycle.

The recent construction of a full-length cDNA clone of
TGEV (2, 54) has created the possibility of specifically engi-
neering the TGEV genome to study fundamental viral pro-
cesses and to develop expression vectors. Coronaviruses have
several advantages over other viral expression systems as vec-
tors (for a review, see reference 14). For instance, these viruses
have the largest RNA virus genome and, in principle, have

room for the insertion of large foreign genes (14, 32). Since
coronaviruses, in general, infect the respiratory and enteric
mucosal surfaces, they may be used to target the antigen to
these areas to induce a pleiotropic secretory immune response
that includes lactogenic immunity (16).

Two types of coronavirus-derived expression systems have
been developed. One type, the helper-dependent expression
systems, permits the production of significant levels of heter-
ologous genes (2 to 8 �g/106 cells), although with limited
stability (4). Another corresponds to single-genome coronavi-
rus vectors, which were obtained first for murine hepatitis virus
(MHV) by targeted recombination (17, 21, 32) and, recently,
for TGEV and human coronavirus 229E (HCoV-229E) by the
construction of an infectious cDNA clone (9, 45). However,
the wide potential of coronaviruses as vectors has not yet been
systematically investigated.

In this report, the infectious cDNA clone obtained for
TGEV as a bacterial artificial chromosome (2) has been engi-
neered as a vector to express high levels of the heterologous
green fluorescent protein (GFP) gene with transcription-reg-
ulating sequences of the nonessential gene 3a (9, 16, 27, 34, 38,
52) or regulating sequences engineered from the N gene TRS.
The TGEV-derived virus vector elicited an efficient lactogenic
immune response in swine against both the vector and the
heterologous gene, showing its potential to provide protection
to piglets against mucosal infections.

MATERIALS AND METHODS

Cells and viruses. The TGEV PUR46-MAD strain (43) was grown and ti-
trated as previously described (24). Baby hamster kidney cells (BHK-21) stably
transformed with the gene coding for porcine aminopeptidase N (BHK-APN)
(11) were grown in Dulbecco’s modified Eagle’s medium supplemented with 5%

* Corresponding author. Mailing address: Department of Molecular
and Cell Biology, Centro Nacional de Biotecnología, CSIC, Campus
Universidad Autónoma, Cantoblanco, 28049 Madrid, Spain. Phone: 34
91 585 4555. Fax: 34 91 585 4915. E-mail: L.Enjuanes@cnb.uam.es.

4357



fetal calf serum and geneticin (G418; 1.5 mg/ml) as a selection agent. Viruses
were grown in swine testis cells (33).

Plasmid constructs. To delete the nonessential genes 3a and 3b from the
TGEV genome (GenBank accession number AJ271965), the 872-bp PpuMI-BlpI
fragment comprising nucleotides 24822 to 25693 was removed from the inter-
mediate plasmid pSL-SC11-3EMN7C8-BGH (19), which was subsequently
blunt-ended with T4 DNA polymerase and religated, generating plasmid pSL-
SC11-�3EMN7C8-BGH. The 2,029-bp AvrII-AvrII fragment, including the ORF
3a and 3b deletion, was inserted into the corresponding sites (nucleotides 22967
and 25867 of the TGEV genome) of plasmid pBAC-TGEV�ClaI (2), leading to
plasmid pBAC-TGEV-�3�ClaI. Insertion of the ClaI-ClaI restriction fragment
(nucleotides 4417 to 9615) into ClaI-linearized pBAC-TGEV-�3�ClaI led to
plasmid pBAC-TGEV-�3.

The mammalian codon-optimized version of the GFP gene was amplified
from plasmid pGL-1 (Gibco-BRL) with a forward oligonucleotide (5�-GCCAG
GTCCTGTATGAGCAAGGGCGAGG-3�) and a reverse oligonucleotide
(5�-GGCGCTAAGCTCACTTGTACAGCTCG-3�), which included PpuMI and
BlpI restriction endonuclease sites, respectively (bold nucleotides). The GFP
initiation and stop codons are underlined. The GFP gene was cloned at the
PpuMI and BlpI sites of plasmid pSL-SC11-3EMN7C8-BGH, replacing the dis-
pensable TGEV ORFs 3a and 3b. Transfer of the 2,752-bp AvrII-AvrII fragment
including the GFP gene into the corresponding sites of plasmid pBAC-
TGEV�ClaI and subsequent insertion of the ClaI-ClaI fragment led to plasmid
pBAC-TGEV-�3-TRS3a-GFP, encoding the GFP gene downstream of the tran-
scription-regulatory sequences of ORF 3a.

The transcription efficacy of an engineered TRS including the 5� TRS from
the N gene (TRSN) at the position of the deleted ORFs 3a and 3b was also
analyzed. The TRSN preceding the GFP gene was synthesized by overlap
extension PCR. A forward oligonucleotide (5�-GCACTTGGTGGAGGCGC
CGTGGCTATACCTTTTGC-3�) including the restriction site NarI (bold
nucleotides) and a reverse oligonucleotide (5�-CCGAGGACCTGTTTAGT
TATACCATATGTAATAATAATTTTAAATTTAATGGACGTGCACTTTT
TCAATTGG-3�) containing the restriction site PpuMI (bold nucleotides),
the core sequence (underlined nucleotides), and 22 nucleotides from the
5�-flanking sequences of the N gene (italic nucleotides) were used to amplify
a PCR product comprised of nucleotides 23443 to 24712 of the TGEV
genome. The GFP gene was independently PCR amplified from plasmid
pGL-1 with a forward oligonucleotide (5�-GGCAGGTCCTGCCATGAG
CAAGGGCGAGGAAC-3�) and a reverse oligonucleotide (5�-GGCGCTAA
GCTCACTTGTACAGCTCG-3�) including restriction sites for PpuMI and
BlpI, respectively (bold nucleotides). The GFP initiation and stop codons are
underlined.

Both PCR products were gel purified and used as templates for a third PCR,
performed with the two outer oligonucleotides as primers. The final PCR prod-
uct was digested with restriction endonucleases NarI and BlpI and cloned into the
corresponding sites of plasmid pSL-SC11-3EMN7C8-BGH. Transfer of the
AvrII-AvrII fragment to the corresponding sites of plasmid pBAC-TGEV�ClaI

and subsequent insertion of the ClaI-ClaI fragment, as described above, led to
plasmid pBAC-TGEV-�3-TRSN-GFP, encoding the GFP gene downstream of
the N gene 5� TRS at the position of deleted ORFs 3a and 3b.

The effect on transcription of the insertion site within the TGEV genome was
analyzed by introducing an expression cassette containing the 5� TRS from the N
gene and the GFP gene either at the position of deleted ORFs 3a and 3b (see
above) or between the N and 7 genes. The TRSN preceding the GFP gene was
synthesized by PCR-directed mutagenesis with the plasmid pSL-SC11-�3EMN-
AscI-7C8-BGH, including a unique AscI restriction site separating the N and 7
genes, as the template. The forward oligonucleotide (5�-CAGAGCAAGATGT
GGTACCTGATGC-3�) including the KpnI restriction site (bold nucleotides) and
the reverse oligonucleotide (5�-GCCTTGGCGCGCCGTTTAGTTATACCATA
TGTAATAATTTTTTAGTTCGTTACCTCATCAATTATCTCAACCTGTGT-
3�) containing the AscI restriction site (bold nucleotides), the core sequence
(underlined nucleotides), and 22 nucleotides from the 5�-flanking sequences of
the N gene (italic nucleotides) were used to amplify a PCR product comprised of
nucleotides 27971 to 28028 of the TGEV genome. The PCR product was di-
gested with restriction endonucleases KpnI and AscI and cloned into the corre-
sponding sites of plasmid pSL-SC11-�3EMN-AscI-7C8-BGH, leading to pSL-
SC11-�3EMN-TRSN-AscI-7C8-BGH.

The GFP gene was amplified from plasmid pGL-1 with a forward oligonucle-
otide (5�-TTGGCGCGCCATGAGCAAGGGCGAG-3�) and a reverse oligonu-
cleotide (5�-TTGGCGCGCCTCACTTGTACAGCTCG-3�) including the AscI
restriction site (bold nucleotides). The GFP initiation and stop codons are
underlined. The PCR product was digested with restriction endonuclease AscI
and cloned into the corresponding site of plasmid pSL-SC11-�3EMN-TRSN-

AscI-7C8-BGH, leading to pSL-SC11-�3EMN-TRSN-GFP-7C8-BGH. Transfer
of the 5,018-bp NarI-BamHI fragment to the corresponding sites of plasmid
pBAC-TGEV�ClaI and subsequent insertion of the ClaI-ClaI fragment, as de-
scribed above, led to plasmid pBAC-TGEV-�3-N-TRSN-GFP-7, encoding the
GFP gene downstream of the 5� TRS from the N gene inserted between the N
and 7 genes. To ensure that the expected plasmids were generated, the constructs
were sequenced at the cloning junctions with an Applied Biosystems 373 DNA
sequencer.

Transfection and recovery of infectious TGEV from cDNA clones. BHK-APN
cells were grown to 60% confluence in 35-mm-diameter plates and transfected
with 10 �g of either pBAC-TGEV-�3, pBAC-TGEV-�3-TRS3a-GFP, pBAC-
TGEV-�3-TRSN-GFP, or pBAC-TGEV-�3-N-TRSN-GFP-7 plasmid and 15 �g
of Lipofectin (Life Technologies, Gibco) according to the manufacturer’s spec-
ifications. The efficiency of this transfection system was 8%. Cells were incubated
at 37°C for 6 h, and then the transfection medium was replaced with fresh
Dulbecco’s modified Eagle’s medium containing 10% (vol/vol) fetal bovine se-
rum. After an incubation period of 2 days, the cell supernatants (referred to as
passage 0) were harvested and passaged four times on fresh swine testis cell
monolayers. Viruses present in the cell supernatant were quantified by plaque
titration. After four passages, viruses were cloned by three plaque purification
steps. Unstable recombinant TGEV (rTGEV) viruses were cloned from passage
0 supernatant.

RNA analysis by Northern blotting. Total intracellular RNA was extracted at
16 h postinfection from virus-infected swine testis cells with the Ultraspec RNA
isolation system (Biotecx) according to the manufacturer’s instructions. RNAs
were separated in denaturing 1% agarose–2.2 M formaldehyde gels and blotted
onto nylon membranes (Duralon-UV; Stratagene) as described before (3).
Northern hybridizations were performed with hybridization buffer containing
[�-32P]dATP-labeled probe synthesized with a random-priming procedure
(Strip-EZpec DNA; Ambion) according to the manufacturer’s instructions. The
3� untranslated region-specific single-stranded DNA probe was complementary
to nucleotides 28300 to 28544 of the TGEV strain PUR46-MAD genome (40).
After hybridization, RNA was analyzed with a Personal FX molecular imager
(Bio-Rad).

RT-PCR. Detection of GFP and 7 sgmRNAs was performed by reverse tran-
scription (RT)-PCR. Total intracellular RNA was extracted (see above) at 16 h
postinfection from swine testis cells infected with rTGEV viruses. cDNAs were
synthesized at 42°C for 1 h with Moloney murine leukemia virus reverse tran-
scriptase (Ambion) and antisense primers GFP2 (5�-GGCGCTAAGCTCACTT
GTACAGCTCG-3�), complementary to nucleotides 702 to 717 of the GFP gene;
GFP-AscI (5�-TTGGCGCGCCTTACTTGTACAGCTCG-3�), complementary
to nucleotides 705 to 720 of the GFP gene; or X3-136 (5�-TCTGGTTTCTGCT
AAACTCC-3�), complementary to nucleotides 136 to 155 of gene 7. The cDNAs
generated were used as templates for sgmRNA-specific PCRs (leader-body
PCR). A virus sense primer, leader 15� (5�-GTGAGTGTAGCGTGGCTATA
TCTCTTC-3�), complementary to nucleotides 15 to 41 of the TGEV leader
sequence, and the reverse-sense primers described for the RT reaction were used
for the PCR.

Optimization of RT-PCRs for semiquantitative analysis was carried out by
normalization to the viral genomic RNA (gRNA) in each sample and the use of
serial dilutions of the cDNAs. To determine the relative amount of gRNA, the
forward oligonucleotide Orf1a 4310 (5�-CTTTTATCAGGGTGCTTTGG-3�)
and the reverse oligonucleotide Orf1a 4829 (5�-AACAGACACACGTTCATG
G-3�), complementary to TGEV nucleotides 4310 to 4329 and 4811 to 4829,
respectively, were used. PCR was performed with a GeneAmp PCR system 9600
thermocycler (Perkin-Elmer) for 35 cycles. Each cycle comprised 30 s of dena-
turation at 94°C, 45 s of annealing at 53°C, and 1.5 min of extension at 72°C. The
35 cycles were followed by a 10-min incubation at 72°C. RT-PCR products were
separated by electrophoresis in 0.8% agarose gels, purified, and used for direct
sequencing with the oligonucleotide leader 15� and the same reverse oligonu-
cleotide used for PCR.

Western blot analysis. Protein expression in cells infected with rTGEV viruses
was analyzed at different passages by Western blot. Cell lysates were separated
by gradient sodium dodecyl sulfate-polyacrylamide (5 to 20%) gel electrophore-
sis (SDS-PAGE). Proteins were transferred to a nitrocellulose membrane with a
Bio-Rad Mini Protean II electroblotting apparatus at 150 mA for 2 h in 25 mM
Tris–192 mM glycine buffer (pH 8.3) containing 20% methanol. Membranes
were blocked for 1 h with 5% dried skimmed milk in TBS (20 mM Tris-HCl [pH
7.5], 150 mM NaCl). The membranes were then incubated with monoclonal
antibodies specific for the GFP protein (Roche) or the TGEV N protein
(3D.C10), diluted 1:1,000 in TTBS buffer (TBS with 0.1% Tween 20). Bound
antibody was detected with horseradish peroxidase-conjugated rabbit anti-mouse
immunoglobulin diluted 1:3,000 in TTBS buffer and the ECL detection system
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(Amersham Pharmacia Biotech). The amount of GFP protein expressed was
determined by Western blot, with standard calibration curves generated by using
purified GFP (Roche). TGEV N protein was used as an internal standard.

Flow cytometry analysis. Swine testis cells grown in 35-mm-diameter dishes
were infected with the recombinant virus rTGEV-�3-TRS3a-GFP, rTGEV-�3-
TRSN-GFP, or rTGEV-�3-N-TRSN-GFP (multiplicity of infection, 1). At 16 h
postinfection, cells were washed and resuspended in 500 �l of phosphate-buff-
ered saline. GFP expression in mock-infected and infected cells was analyzed on
a flow cytometry system (Epics XL-MCL; Coulter).

Virulence assay. The in vivo growth and virulence of TGEV recombinant
viruses were determined as described before (42). Briefly, groups of 14 2- to
4-day-old swine obtained by crossing Large White and Belgium Landrace pigs
were oronasally and intragastrically inoculated with 108 PFU per route of rPUR-
MAD-SC11, rTGEV-�3, or rTGEV-�3-TRS3a-GFP virus in a biosafety level 3
containment facility. The virus titers in lung, jejunum, and ileum were deter-
mined 2 days after infection.

Immunization of swine. Two pregnant sows seronegative for TGEV, as tested
by enzyme-linked immunosorbent assay (ELISA), were immunized with the
recombinant virus rTGEV-�3-TRS3a-GFP by the nasal and intramuscular routes
(108 PFU in 5 ml of Dulbecco’s modified Eagle’s medium per route) at days 35
and 75 of gestation. Serum from the sows and their progeny (nine and seven
piglets) was collected at days 2, 7, 19, and 27 after delivery. Colostrum was
collected from the sows on the day of delivery. The antibody response against
TGEV and GFP was evaluated by ELISA in serum and colostrum.

ELISA. Antibodies generated against GFP and TGEV were detected by
ELISA as described before (41). ELISA was performed with purified TGEV (0.2
�g per well) or GFP protein (75 ng per well) as the antigen, bound to 96-well
microplates, saturated with 5% bovine serum albumin in phosphate-buffered
saline for 2 h at 37°C, and incubated with serial dilutions of the serum sample in
phosphate-buffered saline–0.1% bovine serum albumin for 3 h at room temper-
ature. Microplates were washed six times with 0.1% bovine serum albumin and
0.1% Tween 20 in phosphate-buffered saline, and bound antibodies were de-
tected by incubation with peroxidase-conjugated protein A diluted 1:2,000 in
phosphate-buffered saline with 0.1% bovine serum albumin. ELISAs were de-
veloped with phenylenediamine dihydrochloride (Sigma FAST) as the peroxi-
dase substrate for 15 min at room temperature. Reactions were stopped with 1.5
M H2SO4, and the absorbance was read at 492 nm.

RESULTS

Construction of recombinant TGEV vector expressing GFP.
In order to increase the cloning capacity of the TGEV single
genome, the nonessential ORFs 3a and 3b were eliminated
from the full-length cDNA clone, creating a deletion of 872 bp
(nucleotides 24822 to 25693) in the TGEV sequence (Gen-
Bank accession number AJ271965), leading to a cDNA encod-
ing the recombinant virus rTGEV-�3. This deletion preserves
the TRS of TGEV ORF 3a, consisting of the native 5� TRS,
the core sequence (5�-CUAAAC-3�), and 19 out of the 23
nucleotides of the 3� TRS. The last 177 nucleotides of TGEV
ORF 3b were also conserved to maintain the 5� TRS of the
next gene (ORF E).

Swine testis cells were transfected with the cDNA, and the
rTGEV-�3 virus was recovered 48 h posttransfection. Intra-
cellular RNAs isolated from cells infected with the wild-type
and rTGEV-�3 viruses were analyzed by Northern blot (Fig.
1). Results from several experiments showed that differences in
the relative amounts of each of the six mRNAs (genomic RNA
and mRNAs of viral genes S, E, M, N, and 7) were not signif-
icant, indicating that the engineered deletion did not affect
viral transcription. An additional subgenomic mRNA (sgmRNA
�3) 872 nucleotides smaller than the viral mRNA 3a was gen-
erated from the remaining TRS of ORF 3a at similar levels as
the mRNA 3a from the wild-type TGEV (Fig. 1), indicating
that the TRS of TGEV ORF 3a was functional in the new viral
context. The mRNA �3 was amplified by RT-PCR with primer

pairs complementary to the leader RNA sequence and to se-
quences downstream of the deletion and subsequently se-
quenced, confirming the synthesis of the new transcript from
the ORF 3a core sequence (data not shown).

The heterologous GFP gene (717 nucleotides) was inserted
in cDNA constructs, replacing the deleted TGEV ORFs 3a
and 3b (nucleotides 24822 to 25693 of PUR46-MAD). The
reporter gene GFP was selected to facilitate analysis of expres-
sion at the cellular level. The resulting virus vector encoding
GFP was designated rTGEV-�3-TRS3a-GFP (Fig. 2A). The
GFP gene was located just downstream of the native TRS of
TGEV ORF 3a, comprising the 5� TRS, the core sequence,
and 23 nucleotides of the 3� TRS preceding the translation
initiation codon (AUG). This transcriptional unit, including
the GFP gene, was designed to avoid the duplication of genetic
information and to reduce the probability of losing the foreign
gene by homologous recombination. Swine testis cells were
transfected with the cDNA encoding the rTGEV-�3-TRS3a-
GFP genome, and infectious virus was recovered 48 h post-
transfection. Intracellular RNAs from cell cultures infected
with rTGEV-�3-TRS3a-GFP virus were analyzed by Northern
blot, showing the synthesis of a GFP mRNA of the expected
size (3,700 nucleotides) and at levels similar to those of mRNA
3a in the wild-type virus (Fig. 1). The six viral mRNAs (genom-
ic RNA and mRNAs of viral genes S, E, M, N, and 7) were

FIG. 1. Stability of rTGEV-�3 and rTGEV-�3-TRS3a-GFP recom-
binant viruses. Northern blot analysis of intracellular RNAs extracted
at passages 1 (p1), 10 (p10), and 20 (p20) from cells infected with the
wild-type (wt), rTGEV-�3, or rTGEV-�3-TRS3a-GFP virus. Hybridiza-
tion was performed with a probe complementary to the 3� untranslated region of
the genome. Numbers and letters on the left indicate the position of TGEV
mRNAs. S, spike; 3a, gene 3a; E, envelope; M, membrane; N, nucleoprotein; 7,
gene 7. The positions of the new sgmRNAs generated from recombinant viruses
are indicated by arrows on the right side of the figure. GFP, sgmRNA encoding
GFP. �3, sgmRNA synthesized from the TRS of ORF 3a in the deletion mutant
rTGEV-�3. The mobility shift noted in mRNA 7 of wild-type virus is a product
of running the gel and does not represent size differences in the sgmRNA. The
transfer efficiency of mRNAs during the Northern blotting is highly dependent
on mRNA size, and some variability may be observed, especially in the transfer
efficiency of RNAs of the larger (gRNA) or smaller (mRNA 7) size. Genomic
RNA is not shown because in this experiment, the transfer conditions of RNAs
during Northern blotting were set up to optimize the transfer of non-genome-size
mRNAs.
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FIG. 2. Analysis of GFP protein expressed by recombinant virus rTGEV-�3-TRS3a-GFP. (A) Schematic structure of the cDNA encoding the
rTGEV-�3-TRS3a-GFP RNA with the GFP gene under the TRS of ORF 3a. The numbers and letters inside the rectangles indicate the viral genes.
CMV, cytomegalovirus immediate-early promoter; An, poly(A); HDV, hepatitis delta virus ribozyme; BGH, bovine growth hormone termination
and polyadenylation signals. (B) GFP expression observed by fluorescence microscopy in rTGEV-�3-TRS3a-GFP- but not in rTGEV-�3-infected
swine testis cells. (C) Western blot analysis of GFP protein expressed by rTGEV-�3-TRS3a-GFP in infected swine testis cells. Cell lysates from
passages 1 (p1), 5 (p5), 10 (p10), and 20 (p20) were separated by SDS-PAGE under reducing conditions and probed with monoclonal antibodies
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synthesized with a ratio similar to that of the wild-type virus
mRNAs.

Expression of GFP at 16 h postinfection was observed in
70% of the cells infected with rTGEV-�3-TRS3a-GFP by flu-
orescence microscopy (Fig. 2B) and flow cytometry (results not
shown). Expression of 40 �g of GFP protein per 106 cells was
shown by Western blot with a GFP-specific monoclonal anti-
body (Fig. 2C), with standard calibration curves generated with
purified GFP (Roche).

Cytoplasmic RNAs from cells infected with rTGEV-�3-
TRS3a-GFP were analyzed by RT-PCR with primer pairs com-
plementary to the leader sequence and to the 3� end of the
GFP gene. The expected RT-PCR amplification product cor-
responding to the complete GFP gene (0.8 kb), and another
minor amplification product (0.2 kb) were detected (data not
shown). The larger amplified cDNA corresponded to the GFP
mRNA generated by a canonical leader-to-body fusion at the
hexanucleotide 5�-CUAAAC-3� into the TRS of ORF 3a, as
determined by sequencing (Fig. 2D). Sequencing of the smaller
amplification product, sgmRNA GFP-2, showed that this new
transcript was generated by a leader-to-body joining at an
internal noncanonical GFP site (Fig. 2D) preceded by the
sequence 5�-CUAAAGA-3�, showing the presence of cryptic
transcription signals within the 3� end of the GFP gene and the
striking observation that a canonical core sequence is not es-
sential for transcription in TGEV.

Stability and growth of recombinant viruses rTGEV-�3 and
rTGEV-�3-TRS3a-GFP in cell culture and in vivo. The stability
of recombinant viruses rTGEV-�3 and rTGEV-�3-TRS3a-
GFP was studied for 20 passages in cell culture. Northern blot
analysis of intracellular RNAs extracted from swine testis cells
at passages 1, 10, and 20 showed no differences either in the
expected RNA pattern or in the abundance of GFP mRNA
(Fig. 1). Analysis of the cytoplasmic extracts by Western blot
showed that the rTGEV-�3-TRS3a-GFP virus expressed simi-
lar levels of the GFP protein after 20 passages in cell culture
(Fig. 2C). These results indicate that expression of heterolo-
gous genes in this context of the viral genome is very stable.

The recombinant viruses rTGEV-�3 and rTGEV-�3-
TRS3a-GFP showed growth kinetics in cell culture similar to
those of the parental virus rPUR-MAD-SC11 at both low and
high (0.5 and 5, respectively) multiplicities of infection (Fig. 3).
The cytopathic effect included induction of cell fusion and
formation of large plaques (3-mm diameter) as described for
the parental virus (rPUR-MAD-SC11) carrying the S gene
from strain PUR-C11 (2). The in vivo properties of the
rTGEV-�3 and rTGEV-�3-TRS3a-GFP viruses were also sim-
ilar to those of the parental virus rPUR-MAD-SC11, showing
a virulence (100% mortality, 14 of 14 piglets) comparable to
that of the PUR-C11 strain of TGEV for breast-fed newborn

animals. However, a delay of 1 day (3.25 � 0.42) or 1.5 days
(3.75 � 0.42) in the mean day of death was observed for
recombinant viruses rTGEV-�3 and rTGEV-�3-TRS3a-GFP,
respectively, compared to rPUR-MAD SC11 (mean day of
death, 2.25 � 0.63) (Fig. 4A). The P values associated with
comparison of the mean day of death between the wild-type
and recombinant viruses were, in both cases, near the signifi-
cance level.

The recombinant viruses rTGEV-�3 and rTGEV-�3-
TRS3a-GFP grew with high titers both in the enteric tract
(�105 PFU/g of tissue) and in the lungs (�106 PFU/g of tissue)
of infected animals. Virus titers in the lungs were similar to
those obtained for rPUR-MAD-SC11. However, the growth of
recombinant viruses in enteric tissues decreased 10- to 102-fold
compared with rPUR-MAD-SC11 (Fig. 4B). These results
demonstrate that deletion of ORFs 3a and 3b of TGEV and
insertion of the heterologous gene GFP had no apparent effect

FIG. 3. Growth kinetics of recombinant viruses rTGEV-�3 and
rTGEV-�3-TRS3a-GFP in cell culture. Growth of rPUR-MAD-SC11,
rTGEV-�3, and rTGEV-�3-TRS3a-GFP viruses on swine testis cells
after infection at (A) low and (B) high multiplicities of infection (0.5
and 5, respectively). Mean values of three experiments are indicated.
The standard deviation was less than 30% in all cases (not shown).

specific for the viral N protein (upper panel) or GFP (lower panel). BHK-GFP, extracts from BHK cells expressing the GFP protein from the
noncytopathic Sindbis virus replicon were used as a positive control. ST-TGEV, extracts from TGEV-infected swine testis cells. The molecular
mass is indicated on the left. (D) Nucleotide identity between the leader RNA of TGEV and the genomic sequences of rTGEV-�3-TRS3a-GFP
surrounding the core sequence of TRS3a (upper scheme) or the noncanonical junction site in the 3� half of the GFP gene (lower scheme). The
leader region (shaded nucleotides) includes the canonical core sequence (in bold type) and the 20 immediately upstream and downstream
nucleotides. Leader-body common nucleotides are indicated by vertical bars. Postulated polymerase strand switching during minus-strand synthesis
is indicated by the arrow. The jump during discontinuous transcription could have occurred anywhere within the consecutive nucleotides
underlined by the tail of the arrow. The number above the genomic sequence indicates the position relative to the start of the GFP gene.
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in cell culture but did have a limited effect on the virus’s
behavior in swine.

Lactogenic immunity induced in pigs by TGEV-derived vi-
rus vector rTGEV-�3-TRS3a-GFP. In order to evaluate the po-
tential of the TGEV-derived virus vector to provide protection
against enteric and respiratory infections by the expression of
antigens, pregnant sows were immunized twice (at days 35 and
75 of gestation) with the virus rTGEV-�3-TRS3a-GFP. The
antibody response (immunoglobulin A [IgA] plus IgG) against
the vector and the heterologous GFP protein was determined
by ELISA with the sera of the sows and their progeny and in
the colostrum. TGEV-specific antibodies reached titers rang-
ing from 1 � 103 to 5 � 103 in the serum of both the sows and
their progeny (Fig. 5A1 and 5B1). GFP-specific antibodies
were detected in the serum of sows and their progeny with
titers of around 3 � 102 and 1 � 102, respectively (Fig. 5A2 and
5B2). Interestingly, the colostrum from day 1 of lactation con-
tained TGEV- and GFP-specific antibodies, with titers of
around 2 � 103 and 1 � 102, respectively (Fig. 5C1 and 5C2).
The presence of significant levels of antibodies specific for
TGEV and GFP in the serum of the piglets demonstrated that

vector rTGEV-�3-TRS3a-GFP had elicited lactogenic immu-
nity.

Expression of GFP gene with 5� TRS derived from N gene.
Previous results obtained with the minigenome expression sys-
tem (3) delimited the extension of the essential TRS required
for efficient expression of heterologous genes in TGEV. To
compare the sgmRNA expression efficacy of an engineered
TRS and the native ORF 3a TRS in the context of the single-
genome vector, the heterologous gene GFP was inserted at the
position of the deleted TGEV ORFs 3a and 3b under the
control of a TRS (TRSN) consisting of 22 nucleotides of the 5�
TRS derived from the viral N gene, the core sequence (5�-C
UAAAC-3�), and a 10-nucleotides sequence of nonviral origin
flanking the 3� end of the core sequence (Fig. 6A). This arti-
ficial 3� TRS, 5�-AGGTCCTGCC-3�, included a unique re-
striction endonuclease site and an optimized Kozak sequence
and was similar to another one assayed in the minigenome
system that showed high expression levels for the heterologous
gene (3).

TGEV ORF 3a TRS was deleted and replaced by the TRSN.
The expression cassette was inserted just downstream of the S
gene stop codon (nucleotides 24722 to 25693 of PUR46-MAD
virus), leading to the recombinant virus rTGEV-�3-TRSN-
GFP, which showed growth kinetics similar to those of the
parental virus rPUR-MAD-SC11 in cell culture at both low
and high multiplicities of infection (data not shown). RNAs

FIG. 4. Growth of recombinant viruses rTGEV-�3 and rTGEV-
�3-TRS3a-GFP in swine. Groups of 14 2- to 4-day-old piglets were oro-
nasally and intragastrically inoculated with 2 � 108 PFU/animal of
rPUR-MAD-SC11, rTGEV-�3, or rTGEV-�3-TRS3a-GFP. (A) Num-
ber of surviving piglets at different times postinoculation. Results of a
representative experiment of two that gave similar results are shown.
The significance of the results was analyzed by the Student t test (see
Results section). (B) Growth of rPUR-MAD-SC11, rTGEV-�3, and
rTGEV-�3-TRS3a-GFP viruses in the indicated tissues. Values are the
means for representative tissue samples from three animals sacrificed
2 days after inoculation. Error bars represent the standard deviation.

FIG. 5. Lactogenic immune response induced in swine by recom-
binant rTGEV-�3-TRS3a-GFP virus. Two pregnant sows seronegative
for TGEV were immunized with the recombinant virus rTGEV-�3-
TRS3a-GFP. The virus (2 � 108 PFU per animal) was administered by
the nasal and intramuscular routes at days 35 and 75 of gestation.
Serum from the sows and their progeny was collected at days 2, 7, 19,
and 27 after delivery. Colostrum was collected from sows on the day of
delivery. The antibody response against TGEV (A1, B1, and C1) and
GFP (A2, B2, and C2) in the serum of the sows (A) and the progeny
(B) and in the colostrum (C) was evaluated by ELISA. Values repre-
sented are the maximum level detected in the serum of sows (days 19
and 27 after delivery) and in the serum of the progeny (day 2 after
delivery).
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FIG. 6. Northern blot analysis of recombinant TGEV viruses carrying the GFP gene under different TRSs and at different positions of the viral
genome. (A) Schematic structure of the cDNAs encoding the rTGEV-�3-TRSN-GFP-7 and rTGEV-�3-N-TRSN-GFP-7 RNAs with the GFP gene
under the 5� TRS of the N gene inserted at place where ORFs 3a and 3b were deleted or between genes N and 7, respectively. The numbers and
letters inside the rectangles indicate the viral genes. CMV, cytomegalovirus immediate-early promoter; An, poly(A); HDV, hepatitis delta virus
ribozyme; BGH, bovine growth hormone termination and polyadenylation signals. (B) Northern blot analysis of intracellular RNAs extracted at
passage 2 from cells infected with the wild-type TGEV virus (lane 1), rTGEV-�3 (lane 2), rTGEV-�3-TRS3a-GFP (lane 3), rTGEV-�3-TRSN-
GFP-7 (lane 4), rTGEV-�3-N-TRSN-GFP-7 clone 3 (lane 5), or rTGEV-�3-N-TRSN-GFP-7 clone 12 (lane 6). Hybridization was performed with
a probe complementary to the 3� untranslated region of the genome. Numbers and letters on the left indicate the position of the genomic (gRNA)
and viral mRNAs. S, spike; 3a, gene 3a; E, envelope; M, membrane; N, nucleoprotein; 7, gene 7. The positions of the new sgmRNAs generated
from recombinant viruses are indicated by arrows on the right side of the figure. sgmRNA-GFP, sgmRNA encoding GFP gene; sgmRNA-�3,
sgmRNA synthesized from the TRS of ORF 3a in the deletion mutant rTGEV-�3; sgmRNA-�7, sgmRNA synthesized by rTGEV-�3-N-TRSN-
GFP-7 clone 3 from a noncanonical junction site. Open arrowheads and symbols indicate sgmRNAs of rTGEV-�3-N-TRSN-GFP-7 clone 3 with
detectable mobility differences relative to the corresponding sgmRNAs of wild-type TGEV or rTGEV-�3 (solid arrowheads and symbols).

4363



from cells infected with rTGEV-�3-TRSN-GFP showed (Fig.
6B) the new mRNA TRSN-GFP (3,623 nucleotides) and the
expected viral mRNAs by Northern blot, and there were no
differences in their relative amounts and sizes. Although the
amounts of each sgmRNA are very reproducible in the same
experiment, some differences may be observed between exper-
iments in the ratio of low- to high-molecular-weight sgmRNAs
as a consequence of differences in the efficiency of RNA trans-
fer.

The GFP mRNA was amplified by RT-PCR with primer
pairs complementary to the leader RNA sequence and to the
3� end of the GFP gene and sequenced, confirming the syn-
thesis of the new transcript from the core sequence of the
TRSN. Heterologous GFP mRNA transcription levels under
the control of TRS3a and TRSN were compared by Northern
blot and by semiquantitative RT-PCR with twofold dilutions of
the expressed mRNA (data not shown). mRNA synthesis from
the TRS3a was 20-fold more efficient than from the TRSN,
suggesting that, in this viral context, transcription is more ef-
ficiently driven by the native TRS3a than by the artificial TRSN.
Formation of large syncytia and the expression of GFP at 16 h
postinfection were observed in 70% of the cells infected with
rTGEV-�3-TRSN-GFP by fluorescence microscopy (Fig. 7A)
and by flow cytometry (Fig. 7B). Quantification of the GFP
protein by Western blot with purified GFP as a standard
showed that the expression levels obtained from TRS3a were
fourfold higher than from the TRSN (Fig. 7C). Together, these
data indicate that protein expression in these vectors is depen-
dent on both transcriptional and translational regulation. The
heterologous GFP protein was stably expressed by rTGEV-�3-
TRSN-GFP for at least 10 passages in cell culture (Fig. 7C).

GFP expression efficiency from the 3� end of the TGEV
genome. In order to evaluate whether the expression efficiency
of the GFP gene was affected by its position in the viral ge-
nome, a new recombinant virus carrying the expression cas-
sette at the 3� end of the genome, between genes N and 7, was
constructed. The expression cassette included the GFP gene
under the control of an engineered TRS similar to the TRSN

described above, with the unique restriction endonuclease site
AscI at the 3� TRS. This expression cassette was inserted down-
stream of the N gene stop codon (nucleotide 28066 of PUR46-
MAD), preceding the TRS of gene 7, leading to the recombi-
nant virus rTGEV-�3-N-TRSN-GFP-7 (Fig. 6A). In the TGEV
viral genome, the N gene stop codon (UAA) is included within
the core sequence (5�-CUAAAC-3�) of gene 7. To maintain
the 5� TRS of gene 7 after insertion of the expression cassette,
a duplication of 15 nucleotides consisting of the last nucleo-
tides of the N gene was introduced immediately upstream of
the core sequence preceding gene 7.

After transfection of swine testis cells with the correspond-
ing cDNA, only two (clones 3 and 12) of the 12 plaque-purified
viral clones selected at passage zero contained the expression
cassette, as determined by RT-PCR. These clones expressed
the GFP protein, as determined by direct fluorescence (data
not shown). After infection with the recombinant virus
rTGEV-�3-N-TRSN-GFP-7, only a small percentage (around
5%) of the infected cells expressed GFP, although at high
levels, as observed by fluorescence microscopy (Fig. 7A) and by
flow cytometry (Fig. 7B). Overall expression levels obtained
with TRSN at this insertion site were 20-fold lower than those

from TRSN at the 3a site, as determined by Western blot
analysis at passage one, probably as a consequence of the
instability (Fig. 7C). This expression was lost after three pas-
sages in cell culture, indicating that the insertion of GFP at the
3� end of the genome was unstable.

The RNAs extracted at passage one from cells infected with
the two plaque-purified clones (3 and 12) of rTGEV-�3-N-
TRSN-GFP-7 were analyzed by Northern blot (Fig. 6B and Fig.
8A), and the expected GFP mRNA (1,300 nucleotides) was
below the detection limit of the technique. To further charac-
terize the RNA composition of the resulting viruses, the
genomic region and N and 7 mRNAs were amplified by RT-
PCR and sequenced. The mRNA pattern of one of the plaque-
purified viruses (clone 12) corresponded to a TGEV-�3 ge-
nome that had completely lost the GFP gene (Fig. 6B),
confirming that the insertion of heterologous sequences at this
position was unstable. Sequencing of the 3�-end genomic RNA
from clone 12 of rTGEV-�3-N-TRSN-GFP-7 (Fig. 8A) ampli-
fied by RT-PCR confirmed that the expression cassette had
been completely deleted, leaving the wild-type sequence and
suggesting that the mechanism involved in the deletion is ho-
mologous recombination.

The other plaque-purified virus (clone 3) showed a new
pattern of mRNAs apparently compatible with partial loss of
the heterologous GFP gene (500 out of the 700 nucleotides of
the gene) except for the anomalous size (800 nucleotides in-
stead of the expected 600 nucleotides) of the gene 7 mRNA
(mRNA �7) (Fig. 6B). Sequencing of the RNAs derived from
rTGEV-�3-N-TRSN-GFP-7 viral clone 3 showed a new genetic
structure for the 3�-end viral region, consisting of 13 out of the
22 nucleotides of TRSN included in the expression cassette, a
232-nucleotides insertion derived from the pBAC plasmid vec-
tor, and the last 159 nucleotides of gene 7 (Fig. 8A). These
data indicate that, although the GFP gene had been com-
pletely deleted, the presence of other heterologous sequences
was not deleterious to the new TGEV virus. The two recom-
binant virus rTGEV-�3-N-TRSN-GFP-7 clones (3 and 12)
showed growth kinetics in cell culture similar to those of the
parental virus at low and high multiplicities of infection, prob-
ably as a consequence of rapid rearrangements in virus ge-
nomes reverting virus growth to wild-type levels.

Interestingly, the sequencing of viral mRNA �7 transcribed
from clone 3 of rTGEV-�3-N-TRSN-GFP-7 revealed that the
leader-body junction in this new transcript took place in a
noncanonical core sequence (5�-CUAAAA-3�) (Fig. 8B) lo-
cated around the N gene stop codon. This finding demon-
strates for the first time efficient transcription from a core
sequence different from the canonical one (5�-CUAAAC-3�) in
TGEV. Since the core sequence and the first 78 nucleotides of
gene 7 had also been deleted, neither the corresponding
mRNA nor the protein was synthesized during infection, dem-
onstrating that the product of ORF 7 was not essential for virus
growth in cell culture, as recently described by our laboratory
(39).

DISCUSSION

With a TGEV infectious cDNA clone, we have shown the
engineering of a TGEV-derived single genome vector that
stably expresses high levels of the heterologous gene GFP from
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FIG. 7. Analysis of GFP protein expressed by recombinant viruses rTGEV-�3-TRSN-GFP and rTGEV-�3-N-TRSN-GFP-7. (A) GFP expres-
sion observed by fluorescence microscopy at passages 1 (p1) and 3 (p3) in cell cultures infected with rTGEV-�3-TRSN-GFP (�3-TRSN) or
rTGEV-�3-N-TRSN-GFP-7 (N-TRSN). (B) Flow cytometry analysis of GFP expression in swine testis cells infected (passage 1) with rTGEV-�3-
TRSN-GFP or rTGEV-�3-N-TRSN-GFP-7. G represents the GFP-positive cell population. Green fluorescence intensity (GFP) is revealed on the
x axis. (C) Western blot analysis of the GFP protein expressed by rTGEV-�3-TRSN-GFP (�3-TRSN) or rTGEV-�3-N-TRSN-GFP-7. (N-TRSN)
in infected swine testis cells. Cell lysates from passages 1 (p1) and 10 (p10) were separated by SDS-PAGE under reducing conditions and probed
with monoclonal antibodies specific for the viral N protein (upper panel) or GFP (lower panel). �3-TRS3a, GFP expressed in extracts from
rTGEV-�3-TRS3a-GFP-infected swine testis cells from passages 1 to 10 (p1 to p10). The molecular mass is indicated on the left.

VOL. 77, 2003 CORONAVIRUS-BASED VIRUS VECTOR 4365



the ORF 3a TRS. GFP expression with a recombinant TGEV
has been reported (9). In this paper we have made relevant
progress over this initial observation, with a coronavirus-de-
rived vector engineered as a bacterial artificial chromosome, by
showing that (i) the TGEV single genome led to high expres-
sion levels of the heterologous protein (40 �g/106 cells), (ii) the
virus vector stability is very high, (iii) vector tropism and vir-
ulence are present in swine, as is the induction of a lactogenic
immune response, (iv) different TRSs and insertion sites have
different efficacies, and (v) transcription may take place from
TRSs with a noncanonical core sequence, demonstrating that
complementarity between core sequence-flanking sequences
and the leader TRS can compensate for the absence of a
canonical core sequence.

TGEV ORFs 3a and 3b are nonessential for virus growth (9,
16, 27, 34, 53). Therefore, it was tempting to assume that
insertion of heterologous genes into the TGEV genome re-

placing these genes would not affect the behavior of the virus
either in cell culture or in vivo. In fact, we have shown in this
paper that rTGEV-�3 virus kept the infectivity, replication
efficiency, and tropism of the wild-type virus with a very small
reduction in its virulence, demonstrating that these properties
were influenced very little by genes 3a and 3b. Expression
levels obtained with this TGEV-derived vector are of the same
order as those described for vectors derived from other posi-
tive-strand RNA viruses such as Sindbis virus (50 �g/106 cells)
(1, 18) or DNA expression systems such as adenovirus type 5
(10 to 100 �g/106 cells) (31, 36).

With this virus vector, a good antibody response specific for
viral antigens and for the heterologous GFP protein has been
demonstrated in the serum of immunized animals. Interest-
ingly, the TGEV-derived vector elicited lactogenic immunity
against the virus and the GFP by the production of specific
antibodies in the colostrum of sows and the transfer of mater-

FIG. 8. Genetic structure of recombinant viruses derived from rTGEV-�3-N-TRSN-GFP-7. (A) Schematic structure of the cDNA encoding
rTGEV-�3-N-TRSN-GFP-7 RNA and the resulting viral clones 12 and 3, showing the new organization at the 3� end of the genome. Below the
shaded area of clone 3, the last nucleotides of the N gene, the 5�-most 13 nucleotides of TRSN, a 232-nucleotide insertion derived from the pBAC
plasmid, and the 3�-end 159 nucleotides of gene 7 are represented. The noncanonical core sequence generated at the 3� end of the N gene is
underlined. The numbers and letters inside the rectangles indicate the viral genes. CMV, cytomegalovirus immediate-early promoter; An, poly(A);
HDV, hepatitis delta virus ribozyme; BGH, bovine growth hormone termination and polyadenylation signals. pBAC, insertion derived from the
pBAC plasmid. �7, gene 7 with a 78-nucleotide deletion at the 5� end. (B) Nucleotide identity between the leader RNA of TGEV and the genomic
sequences of rTGEV-�3-N-TRSN-GFP-7 clone 3 flanking the noncanonical junction site at the 3� end of the N gene that led to sgmRNA �7.
Letters above genomic sequences indicate the origin of nucleotides. The leader region (shaded nucleotides) includes the canonical core sequence
(in bold type) and the 20 immediately upstream and downstream nucleotides. Leader-body common nucleotides are indicated by vertical bars.
Postulated polymerase strand switching during minus-strand synthesis is indicated by the arrow. The jump during discontinuous transcription could
have occurred anywhere within the consecutive nucleotides underlined by the tail of the arrow.
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nal antibodies to the piglets. The limited antibody response
against the heterologous GFP protein compared with the high
titers obtained against the TGEV vector is probably due to the
known low immunogenicity of GFP (48, 49). The induction of
lactogenic immunity indicates that TGEV-derived vectors are
very promising for the development of vaccines to protect
against mucosal infections. In fact, other antigens relevant in
protection against viral infections, such as the porcine respira-
tory and reproductive syndrome virus ORF 5, have been effi-
ciently expressed with a virus vector and elicited partial pro-
tection against porcine respiratory and reproductive syndrome
virus-induced disease (S. Alonso, I. Sola, S. Zuñiga, J. Plana-
Durán, and L. Enjuanes, submitted for publication).

A correlation has been observed between the proximity to
the 3� end of the genome and the relative efficiency of sgRNA
synthesis from a given TRS in several viral systems, including
coronaviruses, such as MHV and TGEV (3, 20, 47), and the
Mononegavirales (22, 50). In order to increase heterologous
gene expression levels, an expression cassette was inserted at
the 3� end of the genome. Unfortunately, insertion of the
expression cassette between TGEV genes N and 7 in the re-
combinant virus rTGEV-�3-N-TRSN-GFP-7 resulted in an un-
stable virus, leading to complete deletion of the additional
transcriptional unit TRSN-GFP. Since we have shown above
that TGEV ORFs 3a and 3b can be stably replaced by the GFP
gene, the location of the insertion, not the nature of the gene,
was most likely responsible for the instability. The instability of
expression cassettes inserted at the 3� end of the genome,
between genes N and 7, seems a more general phenomenon,
since, in addition to the results presented in this paper with the
GFP gene, we have shown (S. Alonso, I. Sola, S. Zuñiga, J.
Plana-Durán, and L. Enjuanes, submitted for publication) that
several expression cassettes with the reporter gene 	-glucuron-
idase were also unstable at this position of the genome but not
at the ORF 3a site. Furthermore, in another coronavirus
(MHV), insertion of other sequence fragments (i.e., 3�-end 141
nucleotides of the N gene or 717 nucleotides of GFP) between
the N gene and the 3� untranslated region also produced
genomic instability (21).

In some TGEV recombinant viruses, such as clone 12 of
TGEV-�3-N-TRSN-GFP-7, the origin of the instability was the
homologous recombination promoted by the presence of du-
plicated viral sequences, while in other viruses (clone 3 of
TGEV-�3-N-TRSN-GFP-7) the instability was due to nonho-
mologous recombination yielding a virus that had lost the GFP
gene and also the 5� end of gene 7. Therefore, in addition to
similarity-essential recombination, similarity-nonessential re-
combination (37) may also lead to instability in these viruses.
The insertion of pBAC sequences in the viral genome most
likely occurred during the passages in bacteria. Possibly, this
process was irrelevant for the mammalian system that we are
interested in and not related to the virus life cycle except to
confirm the flexibility of the virus in accepting unrelated se-
quences in this region.

A novel transcriptional unit with a noncanonical core se-
quence (5�-CUAAAA-3�) that led to a major unexpected
sgmRNA species was found downstream of the N gene. Along
the TGEV wild-type genome, eight noncanonical core se-
quences (5�-CUAAAA-3�) identical to the novel transcrip-
tional motif that did not drive transcription of detectable

sgmRNAs were found. Interestingly, the noncanonical core
sequence active in transcription was the only one with the
5�-flanking sequence 5�-CGAA-3� that increased the comple-
mentarity with the leader sequence, suggesting that the ex-
tended leader-body homology upstream of the core sequence
compensates for the incomplete complementarity between the
leader and the core sequence and determines which core se-
quence-like sequence leads to RNA transcription.

Junction of the leader to another noncanonical core se-
quence (5�-CUAAAGA-3�) located at the 3� end of the GFP
gene, upstream of a sequence providing extended complemen-
tarity to the leader RNA, was observed during infection with
rTGEV-�3-TRS3a-GFP. Comparison between anomalous
sgmRNAs generated from the GFP gene in the TGEV vector
and those documented in the coronavirus MHV (17) and the
arterivirus equine arthritis virus (10) showed no coincidence at
the junction sites except for their location at the 3� half of the
gene. In MHV, anomalous junction sites within the GFP gene
are explained by long-range RNA or ribonucleoprotein inter-
actions independent of the core sequence-like motif, whereas
in equine arthritis virus they are attributed to the presence of
core sequence-like sequences.

In TGEV, in addition to the presence of a core sequence-
like sequence (5�-CUAAAG-3�) just upstream of the junction
site, we observed the presence of potential extra leader-body
base pairing immediately downstream of the leader core se-
quence. Therefore, we believe that this extension of the
complementarity between the leader TRS and the sequence
complementary to the TRS that precedes each gene is an
important determinant for sgRNA synthesis. The effect of se-
quences flanking the core sequence in a TRS is in agreement
with previous results with MHV (5, 21, 23, 25, 28, 29, 46, 47)
showing that flanking sequences may contribute through base
pairing in similarity-assisted homologous recombination that
leads to the production of coronavirus mRNAs (6).

The occurrence of sgmRNA heterogeneity in the region of
the leader-body junction site, leading to the detection of minor
sgmRNA species synthesized from noncanonical core se-
quences during infection, has been described for the corona-
virus MHV (17, 30, 55) and in arteriviruses (12, 35). Transcrip-
tion in TGEV apparently behaved with extraordinary accuracy,
since no heterogeneity has been detected in the production of
sgmRNAs (40). Furthermore, no mRNA was detected even
from ORF 3b in viral strains with a mutated core sequence
(5�-CUAAAU-3�) (3, 51). In contrast, we report in this paper
the synthesis of abundant novel sgmRNA species from a non-
canonical core sequence as a response to modification of the
virus genomes. The existence of alternatives to the canonical
core sequence might be an evolutionary resource to maintain
virus viability.
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